Pulmonary oil embolism (POE) is a rare fatal complication after transcatheter arterial embolization (TAE) and transcatheter arterial chemoembolization (TACE). As risk factors have not been clearly delineated, the aim of the present study was to identify the risk factors for development of POE after TACE. A retrospective analysis was carried out on patients with unresectable hepatocellular carcinoma who received TAE or TACE at the Tri-Service General Hospital (Taiwan) between January 2005 and December 2008. The diagnosis of TAE-induced or TACE-induced POE was based on development of respiratory signs and symptoms relatively soon after the procedure, as well as based on characteristic radiographic findings. Of the 219 enrolled patients in this study, 20 were diagnosed with POE after TAE or TACE. On univariate logistic regression analysis, patients developing POE were found to be older (67.95±15.95 vs. 61.44±12.59 years, P = 0.033), with a lower serum albumin level (3.25±0.58 vs. 3.62±0.57 g/dl, P = 0.009), a higher grade of liver cirrhosis as classified on the basis of Child's criteria (P < 0.006), a larger tumor size (8.55±4.52 vs. 4.78±3.97 cm in diameter, P < 0.001), a higher lipioidol dose (22.35±11.01 vs. 13.69±7.66 ml, P = 0.003), and a higher doxorubicin dose (50.27±7.05 vs. 40.75±13.61 mg, P < 0.001). Following multivariate logistic regression analysis, only lipiodol dose was found to be a significant risk factor for POE (odds ratio = 1.133, 95% confidence interval: 1.004, 1.279; P = 0.044). The receiver operator characteristic curve cutoff point for lipiodol dose level was 14.5 ml, with a sensitivity of 80% and a specificity of 66.3%. In conclusion, the lipiodol dose could be considered as a predictive factor for POE after TAE or TACE in hepatic malignant tumor patients. On the basis of this retrospective study, the safe lipiodol dose to minimize the risk for POE is 14.5 ml or lower; however, larger, prospective studies are needed to determine the optimally safe and yet efficacious dose.
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Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignant tumors in man and one of the deadliest [1] . Transcatheter arterial embolization (TAE) and transcatheter arterial chemoembolization (TACE) are relatively effective palliative treatments for unresectable HCC. Although TACE has been shown to increase survival [2, 3] , a recent meta-analysis found that the benefit of TACE was still limited [4] . Ethiodized oil (lipiodol), comprising iodine combined with ethyl esters of fatty acids of poppyseed oil, has been widely used as an embolic agent and a carrier of chemotherapeutic agents in the treatment of HCC [5, 6] . Various complications arising during TACE have been reported, including acute hepatic failure, liver abscess, intrahepatic biloma formation, liver infarction, multiple intrahepatic aneurysms, gallbladder infarction, cholecystitis, splenic infarction, gastrointestinal mucosal lesions, pulmonary oil embolism (POE), tumor rupture, and variceal bleeding [7] [8] [9] [10] . POE is an extremely rare but serious complication after TACE [7, 11] . Sakamoto et al. [7] reported that POE occurred with a frequency of 0.17% after TACE. The amount of lipiodol infused and the presence of arteriovenous shunting in the tumor have been shown to increase the risk for POE [11] [12] [13] .
Chung et al. [11] recommended that the maximum safe dose of lipiodol is 15-20 ml/patient (B0.25 ml/kg). Nevertheless, patients without arteriovenous shunts developing POE while receiving recommended doses of lipiodol for TACE have been reported [14] .
Identifying additional risk factors for the development of POE after TAE/TACE can be clinically useful for, perhaps, instituting preventive measures such as dose reduction in high risk individuals. The present study aimed to evaluate the clinical feature of patients with POE and to identify the risk factors for its development.
Materials and methods

Patients
In this single-center, retrospective study, consecutive patients who underwent TAE or TACE between January 2005 and December 2008 at Tri-Service General Hospital for unresectable HCC or metastatic cancer of the liver were analyzed for the development of POE. The study was approved by the Internal Review Board at Tri-Service General Hospital. The diagnosis of HCC was confirmed through histologic and cytologic findings or abdominal multidetector computed tomography (MDCT) findings consistent with HCC [15, 16] . Cases of metastatic cancer to the liver were confirmed histopathologically.
Chemoembolization
All participating radiologists had prior experience with lipiodol chemoembolization. Hepatic angiography and MDCT were routinely performed to delineate the blood supply, the arteriovenous shunt, and the size and extent of the HCC. TAE was initiated with the infusion of iodized oil (lipiodol; Guerbet, Aulnay-sous-Bois, France) through the proper hepatic artery, left hepatic artery, or right hepatic artery, which supplied the tumors. For TACE, an emulsion consisting of lipiodol and doxorubicin hydrochloride (adriamycin; Pfizer Italia S.R.L., Milano, Italy) was infused. The amount of iodized oil and doxorubicin hydrochloride used ranged from 4 to 50 ml and 6 to 60 mg, respectively. These dosages were determined on the basis of tumor size and vascularity.
Embolization was subsequently performed with gelatinsponge particles (Spongostan standard; Johnson & Johnson Medical Pty. Ltd, Gauteng, South Africa) until flow in the hepatic artery was sluggish. The goal was to decrease arterial flow without causing total obstruction.
Data collection
The following data were extracted from patient medical records: demographic characteristics (including age and sex), body weight, results from standard blood analysis (including white blood cell count and C-reactive protein, aspartate aminotransferase, alanine aminotransferase, total bilirubin, albumin, alkaline phosphatase, and g-glutamyl transpeptidase levels), etiology of hepatic tumor, Child's classification of the liver before treatment, tumor size, method of embolization (TAE or TACE), and dosages of lipiodol (ml) and doxorubicin (mg).
Definition and diagnosis
Chest radiographs obtained during admission were analyzed by a chest radiologist and a pulmonologist. POE was defined by the development respiratory signs and symptoms (cough, dyspnea, hemoptysis, and tachypnea), reduced gas exchange (decreased oxygen saturation on arterial blood gas measurements), and the presence of ill-defined, high-density reticular opacities on chest radiographs ( Fig. 1 ) and/or chest computed tomography (CT) scans ( Fig. 2 ) within 7 days after administration of TAE or TACE. As the clinical manifestations of POE are nonspecific and may mimic other diseases such as heart failure, infectious pneumonia, chronic airway or interstitial lung disease, and transfusion-related acute lung injury, we also stipulated that patients classified as having POE have normal left ventricle ejection fraction on echocardiography, negative sputum and blood cultures, no clinical evidence of fluid overload, no history of acute or chronic lung diseases such as asthma, chronic obstructive pulmonary disease, and interstitial lung disease, no recent transfusion of any blood products (before developing respiratory symptoms after TAE or TACE), and no infiltration on chest radiographs before TAE or TACE.
Statistical analysis
Patients were categorized into groups with and without POE following TAE or TACE. As most patients had undergone TAE or TACE more than once, the data were obtained following the first administration of TAE or TACE.
Continuous and categorical variables are presented as mean±SD and number (percentage), respectively. P-values were determined by t-test or w 2 /Fisher's Exact Test, by Fisher's Exact Test, or by w 2 -test. Univariate logistic regression analysis and multivariate logistic regression analysis were carried out on continuous variables to identify factors of POE associated with TAE or TACE. A receiver operator characteristic curve ( Fig. 3 ) was plotted to determine the maximum safe dose of lipiodol. Analyses were carried out using the SPSS 17.0 software package (SPSS Institute Inc., Chicago, Illinois, USA). All statistical assessments were two-sided, using a significance level of 0.05.
Results
Of the 219 patients who underwent TAE or TACE, 205 had HCC and 14 had metastatic cancer to the liver. Respiratory signs and symptoms, including cough, hemoptysis, dyspnea, and/or tachypnea, developed within 1 h to 6 days after TACE and TAE. Twenty (9.1%) of the 219 patients met the criteria of having POE after the procedure (Fig. 4 ). Whereas five additional patients did have respiratory symptoms after TAE or TACE, they did not show high-density reticular opacities in the lungs on imaging and thus were not defined as having POE. All 219 patients underwent angiography and MDCT. Interestingly, these imaging studies did not reveal evidence of arteriovenous shunting in any of the patients. Table 2 shows the results of univariate logistic regression analysis. Increasing age, white blood cell count, alkaline phosphatase level, tumor size, lipiodol dose, and doxorubicin dose, as well as severity of cirrhosis, were associated with increased risk for POE. In contrast, increased serum albumin levels were associated with lower risk for POE.
Following multivariate logistic regression analysis, only the dose of lipiodol was found to be an independent risk factor for the development of POE (Table 3 ). On the basis of a receiver operator characteristic curve for lipiodol dose and POE, lipiodol dose higher than 14.5 ml was found to diagnose POE with a sensitivity of 80% and a specificity of 66.3%. The overall mortality rate for patients with POE was 25%; the five patients who died had developed multiorgan failure, including respiratory failure, hepatic failure, and oliguria with acute renal failure.
Discussion
In this retrospective analysis of 219 patients who underwent TAE or TACE for unresectable malignant tumor of the liver, we found, on multivariate regression analysis, that the lipiodol dose was the primary risk factor for POE. It makes intuitive sense that the amount of lipiodol infused is a risk factor for the development of POE, as has been suggested by others [11] [12] [13] . Indeed, Chung et al. [11] recommended that the maximum safe dose of lipiodol is 15-20 ml/patient (B0.25 ml/kg). Our finding that a lipiodol dose greater than 14.5 ml is associated with the development of POE would lend credence to this recommendation.
Intratumor arteriovenous shunting is considered to be a risk factor for POE. MDCT is an important medical imaging examination technology to detect the hepatic arteriovenous shunt associated with HCC [17] . In the present study, all patients underwent both angiography and MDCT, and arteriovenous shunts were not detected in any patient, a finding consistent with those of previous studies [11] [12] [13] [14] 18] . The inability to detect arteriovenous shunts may be related to the decreased sensitivity of angiography to detect microvascular shunts and thus the possibility that the presence of such shunts predispose to POE is not ruled out. The technetium-99m-macroaggregated albumin test may be more sensitive in detecting lung shunting in HCC [19, 20] . Ho et al. [21] demonstrated that lung shunting was correlated with tumor size and tumor vascularity in patients with HCC. Although our univariate regression analysis did show an increased risk for POE based on tumor size, multivariate analysis failed to show tumor size as an independent risk factor for POE.
Intra-arterial infusion chemotherapy with doxorubicin is reported to be complicated by thrombosis of regional blood vessels and local toxicity [22] . Although the results of univariate logistic regression analysis in our study show that the dose of doxorubicin is a risk factor for POE, multivariate analysis failed to demonstrate this.
The route by which oil droplets injected into the liver accumulate in the pulmonary vasculature is not precisely known. Lipiodol infusion into the hepatic artery of dogs resulted in dose-dependent POE. These observations substantiated embolization of oil droplets through the hepatic sinusoids to pulmonary capillaries [23] . Further, POE was probably associated with hepatic vein invasion or communication between the tumor feeding artery and the pulmonary vein that might occur as a result of tumor invasion into the pleura or diaphragm [24, 25] . Thus, it is reasonable to posit that the pathogenesis of POE likely involves migration of oil droplets from the hepatic sinusoids into the pulmonary capillaries through microvascular shunts, hepatic vein invasion, or tumor invasion into the diaphragm or pleural space.
The mechanism by which lipiodol itself causes pulmonary toxicity is not well understood, although direct chemical injury has been postulated, as free fatty acids injected intravenously result in the rapid onset of severe lung injury [26] . Normally, circulating fatty acids are bound to albumin, where they are much less toxic than free fatty acids. If microvascular obstruction from the embolization procedure limits the available pool of albumin locally, this could result in higher concentrations of free fatty acids, resulting in lung injury [26] . This hypothesis is also supported by our finding that hypoalbuminemia is a risk factor for TAE/TACE-induced POE. It is also interesting to speculate that the higher grade of liver disease as a risk factor for TAE/TACE-induced POE may be a reflection of lower serum albumin levels. In our study, patients with POE had a high mortality rate. Five patients died as a result of multiorgan failure. Hsu et al. [27] found that in HCC patients with ascites, hypoalbuminemia was associated with the occurrence of post-TACE acute renal failure, a poor prognostic predictor in this subset of HCC patients. In the present cohort, patients with higher grade cirrhosis who developed POE had a greater frequency of acute renal failure. Worsening hepatic function may also be observed after TACE. Risk factors for TACE-induced hepatic failure include elevated serum bilirubin levels, portal vein thrombosis, poor baseline hepatic function, high-dose infusion of chemotherapeutic agents, and a history of multiple embolization procedures [28, 29] .
Our study has several limitations. This study was retrospective and included a relatively small numbers of patients in the POE group. However, our criteria for the clinical diagnosis of POE were strict and we likely excluded some patients who probably had POE. For example, patients with comorbidities -such as congestive heart failure, respiratory infections, and pre-existing chronic lung disorders -that may mimic POE in its presentation were excluded. Indeed, Clouse et al. [30] reported the presence of POE in the majority of patients who had undergone lymphography. In patients with respiratory symptoms after TAE or TACE without obvious infiltration on chest radiography, we also did not consistently obtain CT to exclude POE. CT scanning is likely significantly more sensitive in diagnosing POE, as evidenced by a CT surveillance study that showed that lipiodol accumulated in the lung parenchyma and pleura in 81% of their patients by 24 h after administration of TACE. This finding suggests that lipid embolization occurs early and frequently after TACE but only a subset becomes clinically evident [31] . The actual incidence of POE is not known, as mild cases often go unnoticed. We used stricter criteria for diagnosing POE, but the incidence was almost 10%. We think POE may be quite common but only a subset of patients develop clinically evident POE. This is similar to the fat emboli syndrome after long bone fracture. The incidence of fat embolism syndrome ranges from less than 1 to 29% in different studies; however, only a small subset of patients are symptomatic, resulting in the fat embolism syndrome [32] .
Conclusion
Lipiodol dosage used in TAE or TACE to treat hepatic malignancies appears to be a robust predictor of the development of clinically significant POE. Although our findings suggest keeping the lipiodol dose to 14.5 ml or lower to reduce the possibility of POE, a larger, prospective study is required to confirm this.
